functionality posttranscriptionally, providing an additional level of control. Conceptually, this is a key advance. Biofilm formation is not a dead end. Under the right environmental conditions, we now see that cells have a mechanism by which they sever their association with the biofilm matrix and reenter the planktonic state.
The Lap system was first characterized in Pseudomonas fluorescens (for key references, please see references 12 to 18). In this system, LapD is a cell membrane protein that acts as an intracellular c-di-GMP sensor. Under conditions of high c-di-GMP, LapD is activated, recruiting the periplasmic protease LapG, constraining its reach. When c-di-GMP levels drop, LapG is released from LapD and acts by cleaving the N terminus of the large cell surface-associated adhesin LapA. Intact, uncleaved LapA contributes to cell-surface interactions at the early stages of biofilm formation by promoting irreversible attachment to a surface. LapA is very large (ϳ520 kDa), has a type I secretion signal sequence, and belongs to the RTX family of adhesins/toxins. Three other proteins encoded by genes adjacent to lapA, LapB, LapC, and LapE, are homologous to ABC-type transporters. Thus, release of the cell from LapA through this process inhibits biofilm formation. An initial search of the P. aeruginosa genome identified LapG and LapD orthologs but failed to identify any LapA-like candidates. The current study begins by identifying a LapG target substrate in P. aeruginosa, CdrA.
The cdrAB genes were initially identified in P. aeruginosa as a bicistronic operon that was induced under conditions of elevated c-di-GMP (7, 19) . Subsequent studies linked their expression to biofilm formation (20) . Borlee et al. demonstrated that these genes likely belonged to a two-partner secretion system (TPSS; type Vb secretion system) (7). CdrB is a predicted barrel-forming protein that forms a pore in the outer membrane serving as the conduit through which the large adhesin CdrA is secreted.
CdrA also harbors a pair of C-terminal cysteine residues that have been implicated in other TPSS adhesins in linking to the outer membrane. Borlee et al. (7) went on to show that CdrA specifically interacts with the matrix exopolysaccharide Psl. This interaction was key for stabilizing matrix integrity, with cdrA mutant strains displaying aggregates with loosely associated Psl and showing biofilms with compromised integrity. CdrA initially was predicted to be translated as an ϳ220-kDa protein that was found to be cell associated and also as a processed form (ϳ150 kDa) in the supernatant of cultures overexpressing it. The resulting model was that under conditions of high c-di-GMP, P. aeruginosa induced biofilm formation through the simultaneous expression of matrix polysaccharides and matrix-binding adhesins.
There are some obvious questions raised by this study. The first relates to the context of this mechanism as it relates to the biology of the organism. When and where is LapG-mediated proteolysis of CdrA important during biofilm formation? This work surely implies that a primary feature of the mechanism would allow the detachment of cells from an existing biofilm. This process has been termed dispersion and has been previously linked to c-di-GMP signaling (21). Dispersion has been described as cells within the interior of a biofilm aggregate exhibiting increased motility until the cells eventually escape the aggregate by active swimming. Two implied prerequisites of this process would be the liberation of cells firmly embedded in the biofilm matrix and activation of swimming motility. LapG cleavage of CdrA and lowered c-di-GMP would enable both to occur. There are some obvious experiments that could test this hypothesis, involving select mutant strains and conditional depletion/synthesis of c-di-GMP.
Another question relates to the functionality of CdrA. The presented data, viewed with P. fluorescens LapA in mind, might indicate this as a mechanism that primarily influences attachment/ surface association. There is a possibility that the cell-associated and released forms of CdrA both serve important purposes. Ma et al. demonstrated that Psl forms a discrete "shell" around a growing aggregate in a biofilm (22) . Could proteolyzed CdrA still function extracellularly to cross-link polymer strands of Psl-independently of the cells themselves? Can CdrA-CdrA interactions mediate intercellular interactions? Or is proteolyzed CdrA nonfunctional? Potential models for CdrA function are depicted in Fig. 1 . Note that these models are not mutually exclusive and that LapG activity could potentially have a profound effect on these different scenarios. Finally, it will be interesting to see if there are specific environmental sensors involved in c-di-GMP signaling that specifically interface with LapD.
Another interesting implication of this research is the potential that it represents a common mechanism used by several different species to control surface-associated adhesins. Some of these organisms (listed in Table S1 of the study by Cooley et al. [11] ) are verified to utilize c-di-GMP signaling. Additionally, there are several other two-partner secretion system adhesins (such as Bordetella pertussis FHA and Haemophilus influenzae MW1) that might be potentially regulated posttranscriptionally through proteolysis. This, of course, might involve proteases distinct from LapG; however, the general theme/concept could be much more widespread than we appreciate. Much work is needed to address this important question.
In summary, the work of Cooley et al. has made a number of important contributions as well as raising a number of additional questions. Perhaps the most important finding is the implied widespread importance of this mechanism in a range of species. This may not be surprising, as it mirrors the ubiquity of organisms that utilize c-di-GMP signaling. Another exciting aspect of the work pertains to filling in a gap in our understanding of how organisms transition between free-swimming and biofilm lifestyles. That planktonic bacteria are capable of initiating biofilms and that biofilm bacteria can return to the planktonic mode of growth are widely accepted. Perhaps the most poorly understood aspect of this is the mechanism underlying how biofilm bacteria can mobilize into planktonic cells. The use of LapG to cleave CdrA and release a cell tethered to the matrix may be a key step in defining this process.
